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Mechanical energy harvesting by means 
of ferroelectrets provides an effective way 
of self-powering wireless sensor networks 
(WSN) nodes in the rapidly developing in-
ternet of things (IoT).

Introduction
The new internet standard 5G offers new possibilities to 

combine and connect different platforms like artificial intelli-
gence (AI) and the internet of things (IoT) which will influ-
ence almost all aspects of people’s lives. The connectivity of 
all these things will revolutionize the way information will be 
transferred and distributed. In 2025 the amount of connected 
devices will approach 75 billion worldwide, a five-time in-
crease in the last ten years [1]. These devices can be handled 
in wireless sensor networks (WSN), acting in structural health 
monitoring, autonomous driving, smarter agriculture, etc.

Although such electronics can be powered by conventional 
batteries, the replacement of those can be very expensive or 
even impossible when many devices are operated in remote 
areas without power supplies or in harsh environments. A 
possible solution for the replacement of batteries is Energy 
Harvesting, meaning the utilization of environmental energy by 
converting it to electrical energy [2–5]. Fields of applications 
and the power required for their operation are shown in Figure 
1 [6]. In principle, energy harvesting is similar to large-scale 
renewable energy generation of power levels of megawatts 
and larger, but differs in the amount of energy generated from 
tens of nanowatts to hundreds of milliwatts. The corresponding 
technology is suited for much smaller power consuming sys-
tems and, therefore, can guarantee the operation of most of the 
electronic devices of the IoT.

A typical energy harvesting system is composed of an en-
ergy source, the harvesting mechanism, and an electric load 
that utilizes the produced energy. Thereby it exploits energies 

from mechanical, thermal, solar, and electromagnetic radiation 
sources. Here we will concentrate on the conversion of mechan-
ical to electrical energy potentially deployed in wireless sensor 
applications. For example, the source of mechanical energy can 
be a moving human body or a vibrating structure at low fre-
quencies and reasonable accelerations (Table 1) [7], or acous-
tic waves at audio or ultrasonic frequencies. The transduction 
principles in mechanical energy harvesters are electromagnetic, 
piezoelectric and electrostatic. As an example, the conversion 
from mechanical to electrical energy in a piezoelectric energy 
harvester is realized by the direct piezoelectric effect. The elec-
trical energy is then managed by an electric circuit module for 
various applications and for storage in rechargeable battery.

In this article, we review mechanical energy harvesting, in-
cluding vibrational energy harvesting at low frequencies and 
acoustic energy harvesting in the audio and ultrasonic frequen-
cy ranges, utilizing piezoelectric transducers based on ferro-
electret films. We discuss mostly results obtained at Technical 
University of Darmstadt and at Tongji University. We will, 
however, also mention key work done in other places, in par-
ticular, if this work has been essential for the reported results.

Ferroelectrets
Before discussing the function of a ferroelectret-based en-

ergy harvester it is necessary to introduce the physical concept 
of a ferroelectret. Such a ferroelectret is the active element in 
a piezoelectric energy harvester. The ferroelectret is responsi-
ble for generation of electric power when applying mechani-
cal force by the direct piezoelectric effect. The relevant physi-
cal constants are the piezoelectric d33 coefficient (longitudinal 
piezoelectric effect) or d31 coefficient (transverse piezoelectric 
effect) which determine principally the power efficiency of the 
harvester. Such a ferroelectret is a film which is made up of a 
combination of two different materials with strongly dissimilar 
elastic moduli Y, e.g., closed air cavities with Y = 0.1 MPa and 
a typical polymer with Y = 300 MPa to Y = 2000 MPa. Merged 
in the right way one obtains a very soft cellular structure, 
which basically relies on the softness of the air and the remain-
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ing stiffness of the cellular structure of the involved polymer. 
Combining this softness with the presence of macroscopically 
aligned electrical dipoles across the air voids, one obtains a fer-
roelectret with a large piezoelectric d33 coefficient.

Development of Polypropylene and Fluoropolymer 
Ferroelectrets

Such a material in the form of cellular polypropylene (PP) 
was first proposed by VTT Finland [8–10], whose basic mate-
rial structure is shown in Figure 2. When such a material is 
sandwiched between two electrodes and exposed to an electric 
field which exceeds the breakdown strength of air, positive 
and negative charge will be generated through ionization of 
air molecules. The resulting charges follow the electric field of 
the applied voltage and separate in the air cavities. If the poly-
mer walls are able to electronically trap such charges quasi-
permanently, macroscopic polarization forms with one side of 
the cavities charged positively and the other negatively [11]. 
The utilized techniques to generate such a breakdown field are 
numerous and range from contact poling [11–14] over corona 
poling [13] to radiation induced charging [15], to name just a 

few. The resulting piezoelectric d33 coefficient of the VTT PP 
was initially between 25 to 150 pC/N [10].

Due to the inferior charge storage stability of PP [9] and its 
relatively high elastic modulus, research now concentrates on 
fluoropolymer-based hybrid structures which can be a combina-
tion of fluorinated polyethylene propylene (FEP), polytetrafluo-
roethylene (PTFE), expanded PTFE (ePTFE) films and closed 
or open porous air voids. The advantages of the fluorocarbons 
are their superior charge storage stability and their achievable 
high piezoelectric d33 coefficients due to the small stiffness of 
the composite structure. An overview of some of the fluoro-
carbon ferroelectrets suggested in the literature is presented in 
Table 2. The first composite devices were FEP-electret micro-
phones designed in the 1960s [16] which were, however, not 
denoted as piezoelectric systems at that time. This changed in 
1999 when multilayer electrets with fluoropolymer films were 
suggested by Gerhard et al. [17] as a combination of at least 
one soft and one hard component. A maximum d33 coefficient 
of 35 pC/N was then obtained. This line was followed in 2005 
by Altafim et al. [18] with a d33 coefficient of 510 pC/N and Hu 
et al. in 2006 [12] utilizing a both-sided metallized sandwich 
structure of 12.5 μm FEP / 63 μm ePTFE / 12.5 μm FEP bonded 
together by electrostatic forces. The resulting structure exhib-

Table 1. Accelerations and frequencies of fundamental vibration 
modes of various sources [7]

Vibration Source
Acceleration 

(m/s2)
Frequency 

of Peak (Hz)

Car engine compartment 12 200
Base of 3-axis machine tool 10 70
Blender casing 6.4 121
Clothes dryer 3.5 121
Person nervously tapping their heel 3 1
Car instrument panel 3 13
Door frame just after door closes 3 125
Small microwave oven 2.5 121
HVAC vents in office building 0.2–1.5 60
Windows next to a busy road 0.7 100
CD on notebook computer 0.6 75
Second story floor of busy office 0.2 100

Figure 1. Power consumption of various electronic devices [6].

Figure 2. SEM image of the cross section of a cellular PP fer-
roelectret film.
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ited d33 coefficients of up to 800 pC/N [12] and good thermal 
stability, the latter being obtained by a method of stabilization 
of the positive charge by poling at 150°C, proposed in 1984 
[19]. Also, in 2006 Zhang et al. [20] replaced the fibrous ePTFE 
based air cavities by an air cell formed between two very thin 
PTFE layers and a 12.5 μm FEP center layer, which was used 
to fuse the PTFE layers together at 280°C. Shortly thereafter a 
quasi-static d33 coefficient of more than 3000 pC/N was report-
ed, which reduced to 1000 pC/N after annealing for two days 
at 90°C. Thereafter, the samples showed remarkable stability at 
this temperature considering the large d33 coefficient [21]. Rigid 
metal templates were used in 2012 by Zhang et al. [22] who 
achieved thermally stable FEP ferroelectrets with regular cavity 
structures by utilizing a fused interface between two 12.5 μm 
thick FEP layers at a temperature of 290°C.

The first tubular FEP structure was published by Altafim et 
al. [23] in 2009. They fused two 50 μm thick FEP films togeth-
er, partially separated by a strip-shaped PTFE template. The 
advantage of this fusion bonding is the fact, that FEP melts and 
the bond becomes very strong. After fusion at temperatures up 
to 300°C and cooling down to room temperature the template 
was removed. This process was possible due to a very weak 
bonding between the FEP layers and the PTFE template. After 
corona charging at 140°C a d33 coefficient of 160 pC/N has been 

obtained. The relatively small d33 coefficient is caused by the 
large thickness of the FEP layers of 50 μm.

As pointed out above, the positive charges in ferroelectrets 
must be stabilized to make the piezoelectric coefficients more 
temperature resistant [19]. This is not necessary if the ferroelec-
trets are designed such that only negative charges are present 
in the polymer films and the positive charges are located only 
on the electrodes, as in the electret microphone. This approach 
was used by Rychkov et al. in the so-called unipolar ferroelec-
trets in 2014 [24]. Later in 2018 Emmerich et al. [25] used a 
micro-system approach to reduce the size of the air gap which 
yielded an increased d33 coefficient in these films. The first use 
of unipolar ferroelectrets in energy harvesting was carried out 
by Ma et al. in 2019 [26].

A novel approach was introduced in 2016 by Zhang et al. 
[27], utilizing 12.5 μm thick FEP films, which were deformed 
by a template shown in Figure. 3 (top). Thereby two FEP films 
were separated by a soft pad of rubber and subsequently hot 
pressed by the template [see Figure 3 (top)]. After removal of 
the soft pad the two deformed FEP films were fusion bonded 
by the hot template at temperatures of 320°C. This work was 
the first to realize a sizeable transverse d31 coefficient in a fer-
roelectret [27]. As will be shown below, such ferroelectrets can 
be used to design energy harvesters with comparatively large 

Table 2. Ferroelectrets made with layered fluorocarbon films separated by air enclosures

Description Specific innovation Features References

Electret microphone First 2-layer hard-soft system using 
FEP/air gap arrangement

d33 large (not 
calculated at that 
time)

G. M. Sessler et 
al., 1966 [16]

Multilayer electret 
system

Multi-layer hard-soft systems d33 = 35 pC/N R. Gerhard et al., 
1999 [17]

Heat-bonded structure FEP-FEP structure with pressure 
treated, heat-bonded (200°C) 
structure

d33 = 510 pC/N R. A. C. Altafim 
et al., 2005 [18]

Electrostatically-bond-
ed structure

Sandwich-structure FEP/ePTFE/FEP 
electrostatically bonded

d33 = 800 pC/N Z. Hu et al., 2006 
[14]

High-temperature 
bonded structure

High-temperature-fused (280°C) 
PTFE/FEP/PTFE structure

d33 = >1000 pC/N 
is stable at 90°C

X. Zhang et al., 
2006 [20,21]

Tubular FEP ferroelec-
trets

First tubular FEP-film structure, 
made with PTFE template

d33 = 160 pC/N R. A. P. Altafim 
et al., 2009 [23]

Patterned structure 
ferroelectrets

Rigid template to form FEP films. 
Fusion bonded at 290°C

After annealing, 
d33 = 1000 pC/N is 
stable at 120°C

X. Zhang et al., 
2012 [22]

Unipolar Ferroelectrets First use of unipolar feature in 
ferroelectrets (only negative charge 
in polymer)

d33 ~45 pC/N 
(about twice as 
high as in PVDF)

D. Rychkov et 
al., 2014 [24]

Transverse piezoelec-
tricity in ferroelectrets

Metal template-formed and then 
fusion-bonded (320°C) FEP films. 
First ferroelectrets with large d31 
effect

d31 = 32 pC/N 
(larger than for 
PVDF)

X. Zhang et al., 
2016 [27,28]

Tubular arrays of FEP 
tubes

FEP tubes deformed to stadium-
like shape and then fusion bonded. 
Bonding areas are smaller than in 
older arrays

d33 = 290 pC/N for 
25 μm wall thick-
ness

S. Zhukov et al., 
2018 [29,30]
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output power [28]. Another approach by Zhukov et al. [29,30] 
utilizes FEP tubes, which are deformed to stadium like shapes 
and then fusion-bonded at elevated temperatures to obtain a 
tube array (see Figure 4). The advantage of such structures can 
be seen in the larger active area compared with the parallel tun-
nel structure of Figure 3 (bottom). However, the disadvantage 
is the unavailability of tubes with very thin walls which are 
necessary to achieve large d33 coefficients and therewith large 
output powers of energy harvester built thereof [29,30].

Theoretical Considerations on Ferroelectrets
An early theoretical approach for an analytical description 

of the d33 coefficient was based on the assumption of a simpli-
fied model having a sandwich-like structure consisting of mul-
tiple, plane-parallel solid layers separated by air gaps [9,31]. 
These models assume the solid layers to be incompressible and 
to carry charge of opposite sign on their two surfaces such that 
the charge layers on the two sides of each air gap are of equal 
magnitude and of opposite sign. The compressibility, and, thus, 
Young’s modulus of the sandwich is assumed to originate from 
the morphology of the device. The d33 coefficient obtained from 
this model explains to a good approximation the piezoelectric 
activity of the structures introduced above. In the aforemen-
tioned models the reversibility of the piezoelectric response 
also was shown, meaning that the material can be used to con-
vert mechanical into electrical energy and vice versa with equal 
piezoelectric d33 coefficients for the direct and reverse piezo-
electric effects, as required for piezoelectric materials.

By assuming a structure, as schematically shown in Figure 
4b, one obtains [29]:
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where ΔQ is the generated charge by the applied force ΔF, A 
the sample area, ε0, εF and εa the dielectric constant of vacuum, 
FEP and air, respectively and ΔF/A = Δσm the mechanical stress, 
which can be expressed through Hooke’s law by Δσm = Y∙Δta/
(2tF + ta). Y is Young’s modulus of the complete structure and tF 
and ta the thickness of the FEP film and the air spacer, respec-

Figure 3. Parallel tunnel structure by Zhang et al. [27,28]: (top) 
Template to deform the FEP films and (bottom) resulting tunnel 
structure with a wall thickness of 12.5 μm, a pitch of ≈750 μm 
and a cavity width of 500 μm and a cavity height of 500 μm.

Figure 4. Parallel tube array by Zhukov et al. [29]: a) Deformed 
and fused FEP tubes at 270°C with a wall thickness of 50 μm, a 
pitch of ≈1.3 mm and an air gap of ≈250 μm, b) schematic of 
the ferroelectret configuration and c) photograph of the resulting 
tube array with Al metallization.
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tively. Utilizing Gauss’s law and Kirchhoff’s second law one 
can determine the gradient ΔEF/Δta under short circuit condi-
tions which amounts to
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Introducing Eq. 2 into Eq. 1, one obtains for the d33 coef-
ficient [29,32]:
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where ±σi represents the interfacial charge at the top, respec-
tively bottom interface between the FEP layer and the cavity 
and γ is a correction factor that describes the ratio between the 
active and the sum of active and non-active part of the device as 
indicated by the dashed lines in Figure 4a and the cross-hatched 
area in Figure 4b. Equation 3 also can be derived from Equation 
3 in Ref. 31 and Equation 2 in Ref. 32 by introducing γ = 1 and 
εa = 1.

In addition, it is important to mention that σi in the above 
equation is limited to a maximum value σ rem

max  at V = 0 kV once 
the sample has been exposed to a voltage of at least twice the 
onset voltage of breakdown VB. This behavior can be seen from 
Figure 5, where σi always returns to the marked point σ rem

max  
once the applied voltage V has overcome 2VB and has subse-
quently been reduced to V = 0 kV. For the first cycle at V = VB 
σi is zero and the electric field strength Ea in the air cavity has 
reached the critical value EB for the onset of breakdown.

This leads to the generation of ionized air molecules which 
move to the cavity walls where they are quasi-permanently 
trapped. For an increasing applied voltage V ≥ VB the electric 
field Ea exceeds EB, which leads to a renewed air breakdown 
and the thereby separated charges lead to an increase in σi. The 
increase stops when the electric field in the air gap undercuts Ea 
= EB. This is a kind of feedback control which is valid for any 
arbitrary geometrical structure. VB and EB are then coupled by 
the geometrical and dielectric properties of the structure. For 
the present cavity of Figure 4 it yields [29]:
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The charge density σi at 2VB then becomes [29]
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where the subscript rem stands for the remnant charge density 
which remains after the applied voltage has been returned to V 
= 0 kV. For applied voltages V ≥ 2VB σi exceeds σ rem

max  due to 
the limitation of the electric field in the air gap to EB. This, on 
the other hand, leads to a strong increase of the electric field in 
the cavity walls. A subsequent reduction of the applied voltage 
back to V = 0 kV initially keeps σi = const until Ea undercuts −
EB and for smaller V values breakdown-induced back-discharge 
starts and reduces σi down to σ rem

max  The residual hysteresis 
curve can be interpreted analogously.

From Equation 3 one can guess that for any geometry and 
dielectric material combination d33 can be written as

	 d33 = (σrem/Y)K,	 (6)

where σrem replaces σi and is limited for a given geometrical 
structure and material combination. K is a constant which relies 
on the geometry and the dielectric properties of the structure. 
Once σrem has reached its maximum value during poling the only 
parameter that can be used to increase d33 is the reduction of 
Young’s modulus Y of the utilized device structure. Introducing 
σi from Equation (5) into Equation (3) it yields:
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One realizes that this theory is applicable to structures such 
as shown in Figures 3b and 4b. In this case the d33 coefficient is 
mainly determined by the breakdown strength of air in the air 
voids and by the geometrical and dielectric properties as well as 
Young’s modulus. The Equation (7) indicates that in the present 
model the air gap must be as small as possible in the z-direction 
since the breakdown in air follows Paschen’s law [33] showing 

Figure 5. Hysteresis loop for the trapped charge density σI at the 
interface of the solid FEP and the air gap of the tube array de-
scribed in Figure 4 [29]: σ

rem

max  describes the maximal achiev-
able trapped charge density in short circuit and VB the breakdown 
voltage.
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a higher breakdown field strength for smaller gaps. The remain-
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d33
max  and assumes its maximum value for γ = 1 and 2tF ≫ ta for 

given dielectric permittivities. A further possibility to increase 
d33

max  is to lower Young’s modulus, which at low frequencies 
is mainly determined by the FEP framework and not by the re-
storing forces of the air cushion since the utilized framework 
consists of open tunnels which allow for an air exchange with 
the surroundings. This FEP framework has to be designed in a 
way to be easily deformable under the desired stress from the z-
direction. This design requirement limits the use of a too small 
air gap as just suggested to achieve a very large EB. Whereas 
complicated frameworks have to be determined by numerical 
simulation [34], simple structures can be solved by a combi-
nation of models by Voigt [35] and Reuß [36] which describe 
Young’s modulus for stress directed parallel and perpendicular 
to the framework elements, respectively. Another ferroelectret 
framework, besides the tunnel structure, is the cross-tunnel, 
which consists of perpendicularly arranged tunnels and will be 
introduced below.

Recently, the above described parallel tunnel ferroelectret 
has been utilized as a ferroelectric energy harvester in d31 mode 
[27,28]. In these works, the parallel tunnel ferroelectret struc-
ture shown in Figure 3b can be stretched in the x direction due 
to a force in the z-direction and therewith the d31 mode is acti-
vated. However, the d31 coefficient for these samples cannot be 
determined directly since the required thickness of the sample in 
z-direction depends on the x-direction. Thus, the g31coefficient 
which is independent on x has been utilized [28]. This coef-
ficient was determined experimentally to be 3.0 Vm/N in static 
mode and 0.6 to 0.8 Vm/N in the dynamic mode for frequencies 
between 5 and 100 Hz [28]. Using this, the corresponding d31 
was calculated to be 32 pC/N. This value turned out to be much 
smaller than the d33 coefficient of the same material of about 
1300 pC/N. When using these films in energy harvesters in d31 
mode, the relatively small d31 coefficient can be compensated 
by an appropriate design of the harvester [27,28].

Kinetic Energy Harvesters Based on 
Ferroelectrets

Kinetic Energy Harvesters Based on Ferroelectrets 
with Longitudinal Piezoelectric Effect, i.e., Working in 
33 Mode

A brief outline of energy harvesting, including vibrational 
energy harvesting utilizing piezoelectric or electrostatic trans-
duction, has been given in the Introduction. Forerunners of this 
technology in its electrostatic implementation were based on 
charged dielectrics, i.e., electrets, to generate the necessary 
electric field. Initially, rotating electret generators with charged 
or polarized wax or polymer materials were suggested [37,38]. 
Later, vibrational rather than rotational energy was used for 
conversion. In the early 2000s, a variety of miniaturized MEMS 

devices were introduced (see the review paper by Suzuki et al. 
about early work in this field [39,40]).

A ferroelectret material was first employed for energy har-
vesting in 2012 [41,42]. These early systems used foamed PP 
(Figure 2) with d33 coefficients of only 30 pC/N and yielded 
relatively small power outputs of 40 nW for an acceleration of 
0.5 g and a seismic mass of 1 kg [42]. Later implementations 
with samples of larger area (230 cm2) and higher d33 coefficients 
(600 pC/N) delivered power outputs of up to 6 μW [41,43].

Our own work in this field also began with PP harvesters, 
where the PP films were arranged in stacks consisting of n films 
positioned between a ground plate and a seismic mass ms with 
the entire device placed on a shaker table (see Figure 6) [44]. 
This shaker excites the mass to an acceleration and thus gener-
ates the desired output power due to the longitudinal piezoelec-
tric effect of the ferroelectret.

This design is expected to deliver a power proportional to 
n1/2 and ms

3/2 [44]. Experimentally the power output of a nine-
layer system was up to 5 μW with a seismic mass of only 8 g, 
compared with the much larger masses in the older harvesters.

A model of such energy harvesters yields the generated pow-
er as [44]
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where ms is the seismic mass, Rl is the terminating resistance, 
p is the number of layers in a harvester consisting of a ferro-
electret stack, aeff is the rms-value of the acceleration, ω0,n is 
the resonance frequency of the harvester, and ζn is the damping 
ratio. The normalized power Pn is defined as

	 Pn = P (g/a)2,	 (9)

As one notes from Equation (8), the power output of such 
harvesters rises with ω2 below the resonance frequency and 

Figure 6. Schematic of experimental setup consisting of energy 
harvester and shaker. In the illustrated example, a ferroelectret 
stack of 6 layers, partly folded and partly stacked, is shown. The 
harvester is positioned on an electrodynamic shaker. This allows 
one to measure the electric power generated by the mechanical 
vibrations in the resistor Rl.
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falls with 1/ω4 well above resonance (Figure 7). The increase 
of the generated power with n1/2 is seen in the plots. (with a 
deviation when going from 9 to 10 layers, due to slight non-
reproducibilities of the layers). Other features of energy har-
vesters, such as the just mentioned dependence of the power 
on seismic mass or on acceleration a (proportional to a2), were 
also confirmed. Later experiments with radiation-crosslinked 
PP (IXPP), that shows better thermal stability and somewhat 
improved piezoelectric performance [45], resulted in an output 
power in excess of 100 μW.

All PP ferroelectrets show a sizeable longitudinal d33 piezoef-
fect but very small transverse d31 activity. Another drawback of 

the PP is the poor thermal electret stability which is respon-
sible for a decay of the piezoelectric coefficients, and thus of the 
harvester output, above 50°C. Ferroelectrets that are thermally 
much more stable are the above-described FEP parallel-tunnel 
or parallel tubes samples (Figures 3 and 4) or, as a modifica-
tion of these, the cross-tunnel samples [46]. The latter were the 
first FEP ferroelectrets used for energy harvesting, still utilizing 
the piezoelectric thickness mode (d33) [46]. As expected, Pn as 
a function of the terminating resistance Rl showed a peak at a 
resistance that obeys the relation Rl = 1/ω0C, where C is the 
capacitance of the ferroelectret including parasitic capacitances 
and ω0 is the resonance frequency. The findings for the FEP 
parallel-tunnel harvesters with respect to frequency response, 
resonance frequency, seismic mass, and other parameters are 
similar for the PP and the FEP harvesters.

Kinetic Energy Harvesters Based on Ferroelectrets 
with a Transverse Piezoelectric Effect, i.e., Working in 
31 Mode

As discussed above, the PP ferroelectrets show only a very 
small transverse piezoelectric effect d31. This is very different 
for the FEP parallel-tunnel films. The physical reason for this 
difference is the much smaller Young’s modulus Y1 in the x-
direction (Figure 3 (bottom)) of the FEP films, compared with 
the cellular PP material, with typical values of 1 MPa and ~100 
MPa, respectively [13,28]. The large compliance of the FEP 
films in the x-direction will increase the Poisson’s ratio and thus 
enhance d31 and g31, where d31 = g31ε0εr, with values of g31 = 3.0 
Vm/N for parallel-tunnel ferroelectrets [28].

The large transverse piezoelectricity has been used to de-
sign an energy harvester with increased power output (Figure 
8a) [27,28]. The ferroelectret film is fixed on both sides on 
the support and carries a small seismic mass, cemented onto 
its center that exerts a force on the film when accelerated by 

Figure 7. Power generated by energy harvesters with various 
numbers of ferroelectret layers. Full lines represent measure-
ments, dashed lines are simulation results. The resonance fre-
quency generally decreases with increasing number of layers 
because of the increased mass loading.

Figure 8. (a) Schematic of energy harvester utilizing the transverse piezoelectric d31 activity [28], (b) 
primary force F acting on the ferroelectret (left) and enlarged force component F/sinα within the left 
part of the ferroelectret and (c) miniaturized harvesters with different seismic masses.
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the shaker. The stress is in the length direction (x-direction in 
figure 3) of the ferroelectret and results in a periodic stretching 
causing a corresponding thickness variation of the tunnels and 
thus a piezoelectric output current between the electrodes on 
the surfaces of the film. This generates a power in the terminat-
ing resistor Rl. Miniature implementations of this harvester have 
dimensions of only 3 × 5 × 8 mm3 (Figure 8c) [28].

The harvester in Figure 8a utilizes a kind of force amplifica-
tion that results in a force within the ferroelectret (in the direc-
tion of its length) that significantly exceeds the force generated 
by the acceleration of the seismic mass in the vertical direction. 
This is seen from Figure 8b, which illustrates the primary force 
F exerted in vertical direction by the seismic mass on the fer-
roelectret (Figure 8b, left) and the enhanced force component 
F/2sinα on the left part of the ferroelectret (Figure 8b, right).

While Figure 8b shows the enhancement of the force due 
to the design of the harvester, the power increases even more, 
namely proportional to 1/(sin α)2 with decreasing α [27]. The 
output power measured as function of the angle α is compared 
with the theoretical results for an energy harvester with a seis-
mic mass of 2 g. The measured data displayed in Figure 9 con-
firm the simulations in the range 0.24 < sin α < 0.76 which 
correspond to 14° < α < 50°. For smaller angles, the stretching 
forces in the ferroelectret become larger and the experiment, as 
well as the theory, fails. For a smaller angle, the stretching ratio 
of the ferroelectret becomes large which deforms the tubes to a 
flat, lens-like geometry and thus invalidates the theory.

The frequency dependence of the output power indicates the 
resonance of the system to be at about 55 Hz (Figure 10). This 
is in the desired frequency range for energy harvesting below 
100 Hz where most of the natural or man-made vibrations oc-
cur. For a seismic mass of 0.3 g, the relatively large normalized 
power of more than 100 μW is generated.

Acoustic Energy Harvesters Based on 
Ferroelectrets

Apart from the low-frequency vibration energy, acoustic 
energy is an abundant and clean mechanical energy source in 
both domestic and industrial environments and, therefore, has 
a great potential for energy harvesting [47,48]. Acoustic energy 
harvesting is not only an approach to obtain renewable energy 
for WSN, but also a promising strategy for noise reduction. 
There are two key issues involved in acoustic energy harvest-
ing. One is the amplification of sound pressure, and the other 
is the transduction mechanism. Since acoustic energy has low 
energy density, various approaches to collect the ambient sound 
waves and to amplify the sound pressure have been investi-
gated. Devices such as Helmholtz, quarter-wavelength, and 
half-wavelength resonators, acoustic metamaterials, phononic 
crystals, and broadband gradient-index lenses are adopted to 
amplify the incident sound pressure. With respect to the trans-
duction mechanism, piezoelectric, electromagnetic, triboelec-
tric principles are commonly utilized to convert acoustic energy 
into electrical energy. Compared with conventional piezoelec-
tric materials, such as lead zirconate titanate (PZT) and polyvi-
nylidene fluoride (PVDF) which are normally used as transduc-
tion materials in acoustic energy harvesting, ferroelectrets are 
more appropriate for acoustic energy harvesting in air media 
due to their very small acoustic impedance (~0.03 MRayl), high 
figure of merit (FoM = d33∙g33, ~11GPa−1), flat response in audio 
and low-frequency ultrasonic ranges (<400 kHz), flexibility, 
and environmental friendliness.

Xue et al. adopted a Helmholtz resonator to amplify the 
sound pressure and utilized IXPP ferroelectret films as trans-
duction material to harvest audible sound energy where the 
IXPP films work at non-resonance frequencies [49]. In their 
work, they also explored ultrasonic energy harvesting with the 
same material without a Helmholtz resonator. However, this 

Figure 9. Dependence of normalized power on sin α of the har-
vester shown in Figure 8a. Symbols are experimental points, the 
line is a best fit of the function (sin α)−3 to the experimental data 
[27].

Figure 10. Measured normalized power of the harvester shown 
in Figure 8a [28].
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device worked at resonance. When the frequency ω of the inci-
dent sound is much smaller than the resonance of the ferroelec-
tret film sample ωf (ω ≪ ωf), and a terminal load resistance Rl 
= 1/ωC is selected, the optimal output Pout of the ferroelectret 
acoustic harvester is given by [49]

	 Popt = 0.5td33g33p2Aω,	 (10)

where p is the sound pressure, A the area of the film sample, and 
t the thickness of the ferroelectret film sample. The maximum 
output power can be obtained at the resonance frequency and 
amounts to

	
P

p Ad g t
m

f

m
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2
33 33

2

28
ω

ζ
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where ζm is the damping ratio. These two equations clearly indi-
cate that IXPP ferroelectret films with a large FoM of 19 GPa−1 

in [49] are ideal transduction materials for acoustic energy har-
vesting.

In the above mentioned work by Xue et al. [49] an acoustic 
energy harvester using a Helmholtz resonator with a designed 
resonance frequency of 900 Hz was realized. An output power 
of 10.3 nW was achieved by a 16 cm2 large IXPP film attached 
to one of the inner walls of the Helmholtz resonator, with an 
optimized load resistance of 962 kΩ under an incident Sound 
Pressure Level (SPL) of 100 dB (Figure 11a). For the same in-
cident sound wave, the output power of the device was further 
improved to 43 nW by increasing the active area of the fer-
roelectret film, where five inner walls were covered with IXPP 
ferroelectrets (Figure 11b).

Relevant results on ultrasonic energy harvesting without 
acoustic amplification by a Helmholtz resonator reported in 
[49] show that a maximum output power of 7.2 nW was ob-
tained utilizing a 16 cm2 large IXPP ferroelectret film harvester 
at resonance frequency of 53 kHz and an incident sound pres-
sure of 100 dB. Compared with acoustic energy harvesters us-

Figure 11. (a) Photograph of an acoustic energy harvester with an IXPP ferroelectret film attached 
to the bottom wall of the Helmholtz resonator (left), and measured sound pressure in the cavity and 
output power of the low-frequency IXPP acoustic energy harvester acquired from the short-circuit 
charge obtained at an input SPL of 100 dB (right). The IXPP film used has a square shape with an ac-
tive area of 16 cm2 and quasi-static d33 coefficient of 550 pC/N. The device has a capacitance of 185 pF 
and an optimal load resistance of 962 kΩ. (b) Schematic view (left) and generated output power of an 
acoustic energy harvester consisting of a Helmholtz resonator with five inner walls attached with IXPP 
films at an input SPL of 100 dB. The IXPP films have a square shape with total active area of 80 cm2 
and quasi-static d33 coefficient of 550 pC/N. The optimal load resistance of the device is 280 kΩ [49].
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ing PVDF cantilever beams working in 31 mode at a specific 
resonant frequency, the IXPP ferroelectret acoustic energy 
harvesters produce a higher power density under the same 
conditions, yet featuring a much simpler structure because fer-
roelectret films work in 33 mode and at broad non-resonance 
frequencies. In addition, ferroelectret films also have good per-
formance when they work at resonant frequency compared with 
PVDF cantilever beams.

Conclusions and Perspectives
Vibrational or acoustic energy harvesting with ferroelectrets 

is a relatively new field, dating back only to 2012. We have 
started our work in this field in 2014 with experiments exploit-
ing the longitudinal piezoelectric effect by employing energy 
harvesters utilizing the d33 activity. The initial material used 
was cellular PP which was soon replaced by the thermally more 
stable FEP in the form of layered cellular films. The first use of 
the transverse piezoelectric effect was with such layered fer-
roelectrets. They had g31 coefficients of up to 0.8 Vm/N, several 
times larger than the value for PVDF. With such harvesters a 
normalized power of 50 to 100 μW was achieved for seismic 
masses in the range of 0.1 to 0.3 g. The large effect was possible 
because of a force enlargement obtained from the harvester de-
sign.

These results should be compared with data available in the 
literature for the more classical energy harvesters operating 
with ceramic piezoelectric materials, such as PZT or with the 
polymer PVDF. Such a comparison is possible by using Figures 
of Merit (FoM’s) that have been proposed in the literature. One 
such FoM is the “Normalized Volumetric Power Density” PN 
that has recently been evaluated for several ceramic harvesters 
[50]. This FoM is defined as

	 PN = (2πP)/(vω0a2),	 (12)

where P is the harvested power in μW, v the volume of the fer-
roelectric material in mm3, ω0 is the resonance frequency in Hz, 
and a the acceleration in terms of g. The authors of [50] have 
applied this to 14 small-scale harvesters with PZT or aluminum 
nitride (AlN) as electroactive material. These harvesters have 
PN-values between 0.19 and 9 × 10−5 while our harvester has a 
value of 0.12 and is therefore close to the top-performing ce-
ramic system.

Apart from this, there are other advantages of the present 
ferroelectret harvesters. These are low cost, mechanical flex-
ibility, environmental suitability, and better matching of the 
mechanical impedance in many applications. Taking into con-
sideration that the harvesters described in this paper have only 
been around for few years, while the conventional ceramic sys-
tems have been introduced more than 20 years ago, the present 
approach is very promising.
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